Purpose: To examine the relationship between body mass index (BMI) and other anthropometric measures with retinal vessel diameter in children. Methods: A random cluster sample of 34 schools was selected in the Sydney metropolitan area during 2003-04, and 1740 children aged 6 years participated in The Sydney Childhood Eye Study. Retinal images were taken and vessel diameter was measured using a computer-imaging program. Anthropometric measures, including weight, height, waist circumference, BMI and body surface area (BSA), were obtained and defined using standardized protocols. Data on confounders, including ocular parameters, ethnicity, birth parameters and blood pressure, were similarly collected. Results: Mean BMI was 16.2 kg/m 2 (72.1 s.d.) in 1608 (92.4%) children with complete data. After controlling for age, sex, ethnicity, axial length of the eyeball, birth weight and mean arterial blood pressure, children with BMI above the cardiovascular risk threshold (defined as BMI416.1 kg/m 2 in boys and BMI415.9 kg/m 2 in girls) had mean retinal venular diameter 2.1 mm larger than those with BMI below this threshold (P ¼ 0.026). Increasing weight and BSA were also positively associated with wider retinal venules. Children in the highest quartile of BMI had mean retinal arteriolar diameter 2.2 mm smaller than those in the lowest quartile. Increasing waist circumference and shorter height were also associated with narrower retinal arterioles. Conclusions: In this sample of 6-year-old children, greater BMI, weight and BSA were associated with wider retinal venules, while greater BMI and larger waist circumference were associated with narrower retinal arterioles. These findings suggest a possible effect of increased body mass and adiposity on early microvascular structural alterations in childhood, long before the development of cardiovascular disease.
Introduction
Alterations in retinal vessel structure may represent the earliest sign of microvascular damage from systemic cardiovascular disease. Studies in adult populations show that narrower retinal arteriolar diameters and wider venular diameters, for example, are associated with cardiovascular risk factors, including obesity and components of the metabolic syndrome. [1] [2] [3] [4] While the exact mechanisms of these associations remain unclear, chronic diseases closely linked with obesity, such as hypertension and diabetes, are known to be associated with retinal vessel diameter changes. Hypertension has been linked with narrower retinal arterioles, 5 while diabetes has been linked with wider retinal venules. 6, 7 These underlying conditions may, therefore, explain the association between measures of obesity and either narrower retinal arterioles or wider retinal venules. However, the presence of these common diseases in adults may also confound a more direct effect of obesity on retinal vessel diameter changes. Children, who are relatively free of these systemic diseases, are therefore ideal samples to study the direct association between body mass and retinal vessel diameter. We have already reported the relation between blood pressure and vessel diameter in this population. 8 This report indicated a decrease in arteriolar diameter of 2.00 mm (95% confidence interval (CI) 1.24-2.76 mm) for each 10 mm Hg increase in mean arterial blood pressure (MABP). The purpose of the current study is to show the relation between body mass index (BMI) and vessel diameter, after adjusting for blood pressure and other confounding variables. It is important to confirm the association between BMI and retinal vessel caliber that has been observed in an older adult population. 2 In our new analyses, we have adjusted for blood pressure as it may confound the association with BMI.
Methods

Study population
The Sydney Childhood Eye Study is a random cluster sampled, cross-sectional survey of refraction and other eye conditions in a sample of 1740 6-year-old school children residing in the metropolitan area of Sydney, Australia. Methods used to identify and select the target sample, as well as a description of this sample and study procedures, are described elsewhere. 9 Briefly, 34 primary schools across the 
BMI and anthropometric measurements
At the examination, anthropometric measurements, including height, weight and waist circumference, were collected for each child. The child's weight was measured with a Tanita electronic scale (Model TBF-300). Height was measured without shoes using a freestanding SECA height rod (Model 220). Waist circumference was defined as the narrowest part of the child's trunk, or approximately mid-way between the lowest rib and the superior border of the iliac crest, and measured using a tape measure. BMI was calculated as the weight in kilograms divided by the squared height in meters (kg/m 2 ), and body surface area (BSA) was calculated using the Mosteller formula ((height (cm) Â weight (kg))/3600) 1/2 .
Retinal photography and analysis Children had dilated, 601 digital photographs taken of the optic disk and macula of both eyes using a Canon 60UVI-D10 fundus camera (Canon Inc., Tokyo, Japan). For this study, retinal vascular diameter in the right eye was measured. Left eye measurements were performed when photographs of the right eye were ungradeable. One grader (BT), masked to participant identity and characteristics, used a computer-assisted grading method with high reproducibility to measure retinal vessel width. Details of this method have been described. 10 
Collection of other information
Sitting blood pressure and heart rate were measured in the right arm using an Omron HEM-907 oscillometric blood pressure recorder. After 10 min of quiet rest, a single measure of blood pressure was taken using a cuff of appropriate size. MABP was calculated as one-third of the systolic plus twothirds of the diastolic blood pressure. A Canon autorefractor (Model RK-F1, Canon Inc.) was used to perform cycloplegic autorefraction and keratometry. Children also had a comprehensive eye examination, which included a cover test, prism bar cover test, assessment of ocular movements, stereopsis screening, color vision assessment, ocular biometry, slit-lamp examination, optical coherence tomography and mydriatic digital retinal photography.
Parents were asked to complete a comprehensive 193-item questionnaire. Sociodemographic information covering ethnicity, country of birth, education, occupation and parental age was included. Information about the child's birth, such as birth weight, birth length and head circumference, and medical history, as well as maternal obstetric history, was sought. The questionnaire also asked about periods during which children usually engaged in close-up and distance activities.
Statistical analysis
We assessed the association between body mass and retinal vessel diameter by each age group using two approaches: first, we divided BMI, waist circumference and other anthropometric measures into quartiles; second, we used the age-specific BMI and waist circumference thresholds of predicting cardiovascular clustering, described in the Bogalusa Heart Study. The distribution of children in each age group is shown in Table 1 . Supplemental analyses were conducted on Caucasian children only, as the Bogalusa Heart Study criteria for age-specific, optimal BMI and waist 13 Significance was taken to be P ¼ 0.05 after applying the Bonferroni correction for multiple comparisons. All probabilities quoted are two-sided and all statistical analyses were undertaken using SAS (Statistical Analysis System, Cary, NC, USA), version 9.1; means and 95% CIs are presented.
Results
Of those children with gradable retinal photographs from at least one eye. BMI measurements were available in 1608, waist circumference in 1576 and height in 1610 children. Participants had a mean age of 6.7 years; 50.8% were boys; 64.2% were Caucasian, 16.6% were Chinese and 19.2% were other ethnicities. Mean BMI in this population sample was 16.2 kg/m 2 ( Table 2) . Table 3 presents mean arteriolar diameters by BMI and waist circumference in the three different statistical models. Arteriolar diameter tended to decrease with increasing quartiles of BMI, after adjusting for age, gender and ethnicity (Model 1). These trends were maintained after further adjusting for axial length, MABP and birth weight in Model 2, and were stronger in Model 3 after further adjusting for venular diameter. Mean arteriolar diameter in children within the highest BMI quartile was 2 mm narrower than that in children within the smallest BMI quartile. Children with waist circumference wider than the cardiovascular risk threshold also had an average 2 mm narrower in mean arteriolar diameter than those with waist circumference smaller than the threshold, P ¼ 0.0031. In Caucasian children, a 1.7 mm reduction in mean arteriolar diameter was found in children above compared to those below the waist circumference threshold (P ¼ 0.014). Table 4 presents corresponding mean retinal venular diameters by BMI and waist circumference in the three different models. No significant associations between venular diameter and BMI or waist circumference were found after adjusting for age, gender and ethnicity (Model 1). After further adjusting for ocular axial length, MABP and birth weight in Model 2, a nonsignificant trend for wider venular diameter with higher BMI was evident, which became significant after further adjusting for arteriolar diameter. Children with BMI above the age-specific cardiovascular threshold had significantly wider venules (average width 233.0 mm, CI 231.3-234.7) than those below the threshold (230.9 mm, CI 229.4-232.4), with P ¼ 0.026 in Model 2; this association strengthened after further adjusting for arteriolar diameter in Model 3 (P ¼ 0.0007). In Caucasian children, those with BMI above the age-specific cardiovascular threshold had wider venules (average width 223.9 mm, CI 222.1-225.7) than those below the threshold (221.9 mm, CI 220.4-223.5). 
Discussion
In this population-based sample of healthy 6-year-old children who were largely free of systemic diseases, we found that higher levels of BMI, waist circumference and BSA were associated with wider retinal venules, independent of BMI and its effects on retinal vessel diameter B Taylor et al age, gender, ethnicity, axial length of the eyeball, birth weight and MABP. Higher BMI and waist circumference, and shorter height were also independently associated with narrower retinal arterioles. Our findings thus document an effect of increased body mass and adiposity on microvascular structure in childhood. We followed the Bogalusa Heart Study criteria for defining age-specific, optimal BMI and waist circumference thresholds to predict cardiovascular risk clustering.
14 These thresholds were shown to have a higher sensitivity to detect cardiovascular risk factors than the International Obesity Task Force cutoff points. We found differences in retinal arteriolar and venular diameters in children who were above compared to those below these cardiovascular thresholds in BMI and waist circumference, and similar differences were observed in a subgroup of only Caucasian children. These findings are consistent with the theory that microvascular structural changes associated with higher BMI occur in early childhood (6 years), long before the onset of clinical cardiovascular disease in adulthood. It should be noted that the mean vessel diameters were slightly smaller in Caucasian children than for the whole study sample, owing to children of Chinese and other Asian backgrounds having larger vessel diameters, as measured by the computer program. 15 We believe that this ethnic difference in vessel diameter results from a measurement artifact in the computer program, because of reduced contrast between the retinal background and retinal vessel edge in darker pigmented eyes. 16 As this measurement artifact is random among children with different levels of BMI or other anthropometric measures, we feel that it is not likely to have influenced our study findings. Associations between wider venules, narrower arterioles and BMI as well as other biometric measures have only been reported in adult populations. In the Blue Mountains Eye Study, which examined an older population 49 years and above, higher BMI was associated with wider venular diameter (odds ratio (OR) 1.7; CI 1.3-2.4, comparing highest to lowest BMI quintile) independent of age, gender, smoking, fasting glucose level and MABP. 2 Additionally, persons with wider retinal venular diameter (widest compared to the narrowest quintile of venular diameters) were more likely to become obese at the 5-year follow-up examination (OR, 1.8; CI 1.0-3.1), when adjusted for age, sex, smoking triglyceride BMI and its effects on retinal vessel diameter B Taylor et al level and MABP. Retinal arteriolar diameters were not related to BMI in this adult population. Findings from the Atherosclerosis Risk in Communities Study also showed that persons with larger waist circumference were more likely to have retinal venular dilatation and arteriolar narrowing. 4 The Rotterdam Study also reported that increased venular diameter was associated with an increase in waist-to-hip ratio, while decreased arteriolar diameter was associated with an increase in BMI. 3 The recent Multi-Ethnic Study of Atherosclerosis also found that higher BMI was associated with narrower arteriolar diameter and wider venular diameter, independent of other risk factors. 13, 17 Our findings from 6-year-old children extend these findings of adult populations by demonstrating BMI-related influences in microvascular structure in early life. Possible mechanisms that could explain the observed link between greater body mass and retinal vessel diameter include the following. First, obese persons have greater total blood volume as compared to non-obese persons with equivalent blood pressure levels. 18 Blood vessels regulate blood flow by changing diameter, which could account for the wider venules associated with increasing BMI or BSA. However, this would not account for the association of higher BMI and narrower arterioles. Second, systemic inflammation has been linked both to obesity 19 and to wider venular diameters. 20 Reinehr et al. 21 reported higher inflammatory markers in 90 obese children aged 7-14 years, as well as an association between high BMI and carotid intima-media thickness in obese children. Finally, factors such as leptin and tumor necrosis factor a expressed in adipose tissue could play a direct role in venular widening. Leptin in particular has been shown to alter nitric oxide (NO) synthesis, leading to vasodilation in animal studies. 19, 22 In this sample of normotensive children, we observed an association between narrower arterioles and both BMI and waist circumference levels, which was not observed in an older adult population (the Blue Mountains Eye Study). Hypertension may exert a stronger effect on arteriolar narrowing and mask the association between BMI and retinal arteriolar diameter in older adults. In children, the effects of elevated blood pressure are likely minimal; therefore, children are better study samples to assess the association between BMI-related measures and microvascular structure.
In our analyses, we used recently described methods by Liew et al. 23 to adjust for high correlation between arteriolar and venular diameters (r ¼ 0.59 in adults and 0.60 in this BMI and its effects on retinal vessel diameter B Taylor et al sample of children). This approach allows us to adjust for the common variance shared by the two vessel types due to influence from genetic, growth and magnification factors. This adjustment highlights the relative difference in arteriolar and venular diameters in their relationship with measures of adiposity. After including the alternate vessel diameter in the multivariate Model 3, the strength of all associations generally increased (Tables 3 and 4) .
Strengths of this study include its large, population-based sample collected from a single (Grade 1) school year. Although this study is limited by a cross-sectional design, the results were consistent with findings from adult populations. The absolute differences in arteriolar and venular diameters between adipose and normal children are less than 1%, and whether such a difference is of clinical significance is yet to be determined.
In summary, in this population of 6-year-old children, increased BMI, waist circumference and other anthropometric measures were associated with wider venular diameter, and increased waist circumference, BMI and decreased height were associated with narrower arteriolar diameter. These associations, seen in children aged 6 years, suggest that small vessel structural changes associated with greater body mass occur before other cardiovascular risk factors develop. Whether small vessel structural changes lay the foundation for an increased cardiovascular risk later in life remains to be determined.
